Abstract The definition of potential evaporation remains widely debated despite its centrality for hydrologic and climatic models. We employed an analytical pore-scale representation of evaporation from terrestrial surfaces to define potential evaporation using a hypothetical steady state reference temperature that is common to both air and evaporating surface. The feedback between drying land surfaces and overlaying air properties, central in the Bouchet (1963) complementary relationship, is implicitly incorporated in the hypothetical steady state where the sensible heat flux vanishes and the available energy is consumed by evaporation. Evaporation rates predicted based on the steady state reference temperature hypothesis were in good agreement with class A pan evaporation measurements suggesting that evaporation from pans occurs with negligible sensible heat flux. The model facilitates a new generalization of the asymmetric complementary relationship with the asymmetry parameter b analytically predicted for a wide range of meteorological conditions with initial tests yielding good agreement between measured and predicted actual evaporation.
Introduction
Notwithstanding its centrality to hydrology and climate, the definition and application of the concept of potential evaporation remain heavily debated [Granger, 1989; Nash, 1989; Morton, 1991; Lhomme, 1997; Donohue et al., 2010; McMahon et al., 2013; Shuttleworth, 2014; Milly and Dunne, 2011] . Potential evaporation is often used to define a reference state for evaporative losses under nonlimiting surface diffusive resistance [Bateni and Entekhabi, 2012] , or for deducing actual evaporation from measurable meteorological variables or from pan evaporation measurements [Brutsaert and Stricker, 1979; Hobbins et al., 2001; Brutsaert, 2005; Kahler and Brutsaert, 2006] . The potential evaporation concept is especially interesting in the framework of the complementary relationship (CR) that links potential evaporation and actual evaporation as postulated by Bouchet [1963] . The key idea behind the CR formalism is that as a surface dries, a fraction of the energy not used for evaporation becomes available in the form of increased sensible heat flux [Brutsaert and Parlange, 1998; Brutsaert, 2005] that increases potential evaporation and gives rise to a complementary relation between actual evaporation and potential evaporation. Such a relation offers a simple and attractive framework for estimating actual evaporation based on calculated potential evaporation (or measured pan evaporation) without detailed knowledge of surface properties.
Implicit to the Bouchet hypothesis is a hypothetical evaporation rate around which the symmetric complementary relation forms denoted as E w ''wet environment evaporation'' which is the evaporation from an extensive well-watered surface where input energy is the limiting factor. A general form of the CR relation was proposed by Kahler and Brutsaert [2006] :
The objectives of this study are: (1) to provide a new definition of potential and ''wet environment'' evaporation rates based on steady state surface temperature at which the sensible heat flux vanishes; (2) to use the new formulation of steady state evaporation and analytically generalize the asymmetrical complementary relationship through physically based prediction of b parameter; and (3) to estimate actual surface evaporation rates for a range of atmospheric conditions based on predicted b parameter and steady state reference evaporation.
Following this introduction, a brief overview of the asymmetric CR is presented. We then present a new formulation that defines a reference state using a hypothetical steady state temperature that is common to both air and evaporating surface. The reference state is obtained by finding the surface-air temperature that satisfies the surface energy balance (SEB) while assuming the vapor concentration of the near-surface air remains constant. With this reference state definition we were able to a priori calculate the parameter b and use it to estimate actual evaporation through the generalized complementary relationship.
Overview of the Asymmetric Complementary Relationship (CR)
2.1. Conceptual Difficulties Previous investigations of the CR have demonstrated that a symmetric complementary relationship between actual and potential evaporation (i.e., b51 in equation (1)) rarely occurs, and the increase in potential evaporation with surface drying is often higher than the reduction in actual evaporation [Kahler and Brutsaert, 2006; Pettijohn and Salvucci, 2009; Yang et al., 2013] . The asymmetric nature of the CR has been attributed to the definition of potential evaporation and its variation with changes in air characteristics during surface drying [Brutsaert, 2005] . Many of the methods used for potential evaporation estimation have evolved from Penman's [1948] combination method (combining energy balance with vapor transfer) that expresses potential evaporation from a free water surface as:
where R n is the net radiation, c is the psychrometric constant, D is the slope of saturated vapor pressure curve at air temperature, and DPA is the drying power of air often characterized by an empirical wind function and vapor pressure deficit. Monteith [1965] extended the Penman formulation to include the physiological control by vegetation on the evaporation from leaves and canopies. The Penman-Monteith equation [Monteith, 1965] is often used to estimate potential evapotranspiration by measuring real-world meteorological conditions under real-world surface conditions but then arbitrarily assigning the surface resistance to be zero in order to complete the calculations. However, land-atmosphere coupling means that the meteorology is not independent of the surface conditions (i.e., the surface resistance) [Shuttleworth, 2012] . In other words, if the surface resistance was truly zero then the measured meteorology would have been different. One way to address the coupling between surface resistance and meteorological variables using the Penman-Monteith approach equation is to introduce additional resistance(s) such as the climatological resistance [Shuttleworth et al., 2009] . That represents a useful approach but here we sought to further investigate the CR using equation (1) as a basis.
Brutsaert [2005] referred to potential evaporation estimated using meteorological data under nonpotential conditions (i.e., when the surface resistance was greater than zero) as the ''apparent potential evaporation'' (e.g., Penman equation) arguing that interactions between air flow and land surface alter potential evaporation relative to values obtained for a wet surface. The feedback and nature of air-surface interactions require particular attention to the surface wetness and its effect on energy partitioning as a surface gradually dries [Aminzadeh and Or, 2014] . Aspects of land-atmosphere coupling were also implicit in Bouchet's original hypothesis, in particular the feedback between declining actual evaporation that modifies air properties and alters potential evaporation relative to the hypothetical condition of the evaporation from an extensive wet environment (E w ). Thus, the definition of reference conditions and variation of potential evaporation in response to the land-atmosphere feedbacks are essential for estimation of actual evaporation based on the complementary relationship. (1)) using an empirical parameter (b!1) that accounts for pan evaporation enhancement with the reduction of actual evaporation from the drying land surface, and defined by:
this definition of parameter b asserts that the increase of potential evaporation (E p ) above the wet environment evaporation (E w ) is proportional to the energy flux that becomes available with surface drying and reduction in evaporation rate. Pettijohn and Salvucci [2009] considered variations of potential evaporation with drying of the land surface using 2-D modeling of the interaction between a standard class A evaporation pan and the surrounding environment. They argued that lateral energy and vapor diffusion exchanges of the pan with the surrounding environment are responsible for the asymmetry in the complementary relationship (i.e., b > 1) in which a unit variation of actual evaporation is accompanied by approximately fivefold variation of potential evaporation.
Normalization of equation (1) leads to the following expressions for scaled actual evaporation (E a1 5E a =E w ) and scaled potential evaporation (E p1 5E p =E w ) as functions of the dimensionless moisture index (E MI 5E a =E p ):
where E MI is the surface moisture index (with maximum value of 1) indicating how close the landscape is to potential conditions. Figure 1 depicts variations of E a1 and E p1 as functions of the evaporative moisture index, E MI , for different values of b. The parameterization used in Figure 1 demonstrates that E a1 and E p1 are less sensitive to variations in b when surfaces are close to saturation, and the main difference emerges for dry surfaces as actual evaporation (E a ) diminishes. At the limit of a completely dry surrounding surface (i.e., E a 50), the definition of parameter b simplifies to:
this simplification will be used in section 5.2 to clarify the origins of b parameter based on a physicallybased framework.
Previous empirical investigations have used pan evaporation data to calibrate b with E w defined by the Priestley and Taylor [1972] estimate [Kahler and Brutsaert, 2006] :
where the Priestley-Taylor parameter (a P2T ) was determined from local measurements. Additionally, as the surrounding dry surface becomes wetter and actual evaporation increases, surface temperature is expected to decrease as will the outgoing long wave radiation thereby increasing the net radiation. Such adjustments are not accounted for if net radiation under drier (wetter) conditions is assumed to remain constant under wetter (drier) conditions. Hence, it is clear that variations of surface temperature with surface drying (or wetting) must be considered when quantifying wet environment evaporation (E w ) that is central to the CR approach.
Previous Derivations of the CR
A previous theoretical investigation of the CR has considered, in principle, the possibility of changes in surface temperature with wetting or drying [Granger, 1989] . In that study, Granger [1989] where f ðuÞ is an empirical wind function, e a is the air vapor pressure, e s is the vapor pressure at the drying surface, e Ã p is saturated vapor pressure at surface temperature (T s ) and e Ã w is saturated vapor pressure of a hypothetical wet surface at temperature T w . Combining equations (7a) and (7b) yields:
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Without explicitly invoking the asymmetry b parameter (equation (3)), the relationship expressed in equation (8) implicitly represents this parameter based on vapor pressure gradients for unknown surface temperatures. Granger [1989] assumed the net radiation is constant as the surface wetness changes which implies that the change in sensible heat flux (H) was of equal and opposite sign to the change of latent heat flux (LE), leading to the relation:
However, as noted above, and elsewhere [Aminzadeh and Or, 2013] , the surface temperature does change during surface drying or wetting which, in turn, changes the net radiation and limits the applicability of equation (9). The critical role of surface temperature variation with surface drying in definition of b parameter based on equation (8) will be presented in section 5.2.
Combining equations (8) and (9) results in the asymmetrical complementary relationship as:
An important point in derivation of equation (10) through equations (7)- (9) is the definition of D Ã using the (unknown at this stage) surface temperatures as:
Although Granger [1989] provided an unambiguous definition of D Ã in this context, some researchers have interpreted it as the slope of saturated vapor pressure at air temperature [e.g., Venturini et al., 2012] . The crucial point here is that D Ã is defined using two unknowns, the drying surface temperature (T s ) and the hypothetical wet surface temperature (T w ) and both must be specified in this version of the asymmetrical complementary relationship. A similar relationship representing the ''b'' parameter in equation (1) temperature. The correction parameter e is determined through a calibration process, and in some cases it has been tacitly assumed to be unity [Yang et al., 2013] .
In summary, there is broad consensus supported by limited experimental evidence regarding some sort of complementarity between actual and potential evaporation as a surface dries. Presently, the definitions of potential evaporation as a reference state using meteorological variables (for the complementary relationship) are critically dependent on assumptions regarding aerodynamic effects in Penman's equation [Brutsaert and Stricker, 1979; Granger, 1989] ; on locally calibrated coefficients [Priestley and Taylor, 1972] ; or on generally unavailable surface temperature for prediction of energy partitioning and quantification of vapor pressure deficit [Granger, 1989; Crago and Crowley, 2005; Szilagyi, 2007] . Moreover, the wet environment evaporation (E w ) serves as a reference state in the complementary relationship, yet, it has often been quantified based on the meteorological data obtained under nonwet conditions (e.g., using P-T equation) [Brutsaert and Stricker, 1979] , or unknown surface temperatures [Granger, 1989] . Consequently, the general form of the complementary relationship and estimation of actual evaporation from the CR approach remain ambiguous.
2.4. A New Reference Surface Temperature-Based Approach to the CR We propose a new framework for the CR that explicitly resolves the surface temperature of a drying surface (T s ) and defines a hypothetical wet surface temperature (T w ) thereby allowing for consistent estimates of the net radiation and air properties as a surface wets or dries. The new formulation employs a surface element centered around an evaporating pore (i.e., a pore-scale representation) and directly links surface energy balance components including surface resistance due to pore-scale diffusive interactions [Aminzadeh and Or, 2014] . We then postulate a hypothetical steady state condition where the drying surface and the air reach a common equilibrium temperature. This state implicitly considers complete air-surface feedback that concurrently adjusts surface and air temperatures to a common reference temperature while a surface wets/dries. Evaporation from a small saturated surface surrounded by a large drying region represents potential evaporation in our model. Accordingly, the hypothetical reference temperature is used to quantify wet environment evaporation (i.e., the evaporation from an extensive wet surface) and the subsequent variation of potential evaporation with changes in surface water content during surface drying. The theoretical background of the steady state surface temperature and model derivation of potential evaporation are presented in the following section.
Theoretical Considerations

Steady State Surface Temperature for Potential Evaporation
We propose a physically based approach for prediction of potential evaporation through explicit calculation of surface energy balance components including long wave radiation and soil heat flux. A closed landatmosphere system with negligible dry air entrainment at the top of the convective boundary layer (CBL) is assumed [McNaughton, 1976; Perrier, 1980; Raupach, 2001 ] to investigate surface energy balance and feedback processes between surface and air flow that is also similar to the closed-box model [Lhomme, 1997] . Energy exchange across the system boundaries occurs via radiation and soil heat flux. Hence, the net available energy within the system is partitioned between evaporative and sensible heat fluxes:
where a is the surface albedo, R S is the incoming shortwave radiation flux while R L;in and R L;out are incoming and outgoing long wave radiation, respectively, and G is soil heat flux. The first term on the left hand side of equation (12a) represents the net shortwave radiation at the surface denoted as R S;net . We use theory developed previously based on a pore-scale representation of coupled mass and energy exchange over evaporating and drying porous surfaces to explicitly describe each of the energy fluxes in equation (12a) [Aminzadeh and Or, 2013] (Figure 2 ). That theory enables consideration of dynamic effects of water availability on energy partitioning and surface heat fluxes. The formulation considers intrinsic resistance to vapor diffusion from drying surfaces [Schl€ under, 1988; Haghighi and Or, 2015] with the SEB for a surface unit cell (with an evaporating pore at its center) written as:
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in which Schl€ under's diffusive resistance parameter F is defined as:
where e s and e a are surface and atmospheric emissivity, respectively, a is the characteristic pore size, d is the boundary layer thickness that is characterized using the wind speed (U a ) , h is the mean surface water content, D a is the vapor diffusion coefficient in air, h a is the air convection heat transfer coefficient, T a is the air temperature and T Z is the linearized soil temperature at thermal decay depth (DZ) beneath the evaporating surface [Shahraeeni and Or, 2011; Aminzadeh and Or, 2014] . In equation (12b), C sat represents saturated vapor concentration at the surface of unit cell's evaporating pore and C a is the vapor concentration within the air mass (characterized based on air temperature and relative humidity) interacting with drying surface, which, alternatively, could be expressed in terms of specific humidity.
While in real conditions the CBL may grow and entrain drier and warmer air from the free atmosphere, the concept of closed land-atmosphere system has been used by McNaughton [1976] , Perrier [1980] , and Lhomme [1997] to characterize land-atmosphere feedbacks showing that the effect of entrainment on evaporation dynamics is relatively weak. Accordingly, this is the starting point for theoretical analyses in this study enabling considerations of feedbacks between surface and air temperatures that impact sensible heat flux and air warming feedbacks as the surface wets or dries ( Figure 3 ). We seek conditions for estimating potential evaporation described by Raupach [2001] as ''the long-term limit of evaporation into a closed system supplied steadily with energy.'' We set the upper limit of evaporation where the sensible heat flux is zero (H50), and the system will therefore attain a hypothetical reference temperature such that the temperature of the evaporating (drying) surface is equal to that of the air (Appendix A):
we define this as the ''steady state temperature'' (T ss ) under the hypothetical imposed condition where most of the available energy drives the latent heat flux (a small amount goes to soil heat flux and adjusts long wave radiation). Hence, for a surface building block composed of an evaporating pore surrounded by dry surface ( Figure 2 ) the resulting coupled energy balance (equation 12) can be expressed explicitly in terms of T ss as: Figure 2 . Schematic sketch of an evaporating porous medium with surface energy balance components and a surface overlain by unit cells centered on an evaporating pore (for details, see Aminzadeh and Or [2014] ). The reduction of surface water content during surface drying is represented by an increase in the dry region around individual wet pores on the surface (brown circles).
We further assume that the mean vapor concentration in the near-surface air mass (C a ) remains constant while the system is brought to the imposed condition and that evaporation from the drying land surface does not modify the air column's specific humidity significantly [McNaughton and Spriggs, 1989] . The only unknown in equation (14) is the steady state temperature; a solution (root finding) thus yields the value of T ss during surface evaporation for the assumed condition of H50.
Estimation of Reference Evaporation Based on Steady State Surface Temperature
We consider evaporation from a saturated surface with no surface resistance, and follow Lhomme's [1997] definition of potential evaporation as ''the evaporation that would occur from a hypothetical saturated surface, with radiative properties similar to those of the whole area and small enough that the excess moisture flux does not modify the characteristics of the convective boundary layer.'' The steady state reference temperature provides a link between components of the surface energy balance at this hypothetical steady state condition. In addition, we made the assumption of zero sensible heat flux that defines a particular state of feedbacks between the surface and the air as described by equation (14). Accordingly, we consider a small saturated surface surrounded by a large drying region, and evaporation from this saturated surface (e.g., a pan) represents the resulting potential evaporation expressed as diffusive vapor transfer across air boundary layer of thickness d at the steady state surface temperature [Machin, 1970; Hisatake et al., 1995; Lim et al., 2012; as:
The steady state reference evaporation (E R , equation (15)) is used to represent effects of the drying land surface on potential evaporation (E p ) through effects of land-atmosphere feedback process on steady state surface temperature and saturated vapor pressure. Note the language in many of the complementary relationships is ''small potential evaporation surface'' where the dimension is not really important as long as the evaporation from the small wet surface does not appreciably alter the characteristics of the overlying air.
Estimation of potential evaporation based on an equilibrium surface temperature has been previously proposed by Morton [1983] who considered equality between steady state surface energy balance (neglecting soil heat flux) and aerodynamic vapor transfer for evaporation from a wet surface. A similar definition of equilibrium temperature has been proposed by Edinger et al. [1968] as the surface temperature at which the net rate of energy exchange over water surfaces is zero. Accordingly, the resulting equilibrium surface temperature has been used to quantify components of surface energy balance (net radiation and sensible heat flux) and calculate potential evaporation as the residual of SEB over moist surfaces [Morton, 1983] . Note that our definition of potential evaporation presented in equation (15) should not be confused with either the equilibrium temperature potential evaporation of Morton [1983] , or the equilibrium evaporation of Slatyer and McIlroy [1961] . A definitive review of the various forms of equilibrium evaporation is provided in
Methods and Materials
Reference Surface Temperature (T ss ) and Steady State Evaporation (E R )
The left hand side (LHS) of equation (14) represents the available energy for evaporation including net radiation and soil heat flux, while the right hand side (RHS) is the aerodynamic representation of the evaporative flux (at a hypothetical steady state with zero sensible heat flux). Figure 4 illustrates variations of LHS and RHS of equation (14) with temperature for different values of net shortwave radiation during stage 1 evaporation, transition to stage 2, and at stage 2 evaporation. The increase in surface temperature increases outgoing long wave radiation and soil heat flux that, in turn, decreases the LHS for a constant net shortwave radiation flux. On the other hand, increased surface temperature enhances evaporative flux by increasing the vapor pressure gradient for a constant surface wetness. The intersections of the curves (marked by symbols) in Figure 4 depict unique values where the energetic (LHS) and aerodynamic (RHS) representation of evaporative flux are equal and yield a specific steady state surface temperature, T ss , that fulfills the condition of zero sensible heat flux as per the original definition (equation (14)). Note that details of the variation of LHS and RHS functions with surface temperature are not central to this analysis, only their intersection.
To compare model predictions of the reference evaporation based on steady state surface temperature (equation (15)) with widely used measures, we compare E R ðT ss Þ with the PenPan [Rotstayn et al., 2006] , Penman (equation (2)), and Priestly-Taylor (equation (6) 
Physically Based Prediction of the b Parameter
Generalization of complementary relationship proposed by Kahler and Brutsaert [2006] remains widely empirical with parameter b quantified through the measurements. We aim to analytically predict variation of b parameter represented in equation (3) using a physically based framework that employs the steady state reference evaporation for quantification of potential and wet environment evaporation. The model , T Z 5258C, and DZ50.1 m. The left and right vertical axes depict variations of the available energy for evaporation (LHS of equation (14)) and aerodynamic representation of evaporative flux (RHS of equation (14)) with temperature, respectively. The wet and dry surface conditions are marked as different stages of surface evaporation. The intersections of the curves (symbols) show unique values of steady state surface temperature, T ss , for the given radiative and evaporation regimes.
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predicted b parameter is evaluated using actual and pan evaporation data obtained from measurements in Kansas, USA (Konza Prairie and Tuttle Creek Reservoir) [Kahler and Brutsaert, 2006] , and in Walnut Creek watershed (Iowa, USA) [Yang et al., 2013] 
Estimation of Actual Evaporation Through the Generalized CR
The most important utility of predicted parameter ''b'' would be estimation of actual evaporation based on the asymmetrical complementary relationship defined by rearrangement of equation (1) to give:
We employ analytical derivation of b parameter to estimate actual evaporation through the CR framework (equation (16)) in which potential and wet environment evaporations are quantified based on the steady state reference evaporation. The actual evaporation obtained from the newly derived b parameter and reference evaporation is evaluated with field evaporation data. We have used the experimental data of Davies and Allen [1973] obtained from measurements at Simcoe in Ontario, the FIFE project at Konza Prairie (station 40) [Sellers et al., 1992; Fritschen, 1994; Kanemasu, 1994] , the SMACEX experiments conducted in Walnut Creek watershed [Jackson, 2003; Jackson and Cosh, 2003; Prueger et al., 2009] , and lysimeter evaporation data of Katul and Parlange [1992] obtained from measurements in Davis, USA. Summary and some details of experimental data are briefly presented in Table 1. In the following section, we present dynamics of steady state evaporation and analytical prediction of b parameter which are employed to estimate actual evaporation using the generalized complementary relationship.
Results and Discussion
Dynamics of Steady State
Evaporation at Reference Surface Temperature LE R ðT ss Þ The evolutions of the reference temperature (T ss ) and associated steady state evaporation at the reference surface temperature (i.e., LE R ðT ss Þ as the representative of potential evaporation) as functions of the surface moisture are illustrated in Figure 5 for different values of initial air temperature and shortwave radiation flux. The nearly constant evaporative flux during stage 1 evaporation is the result of complex micro-adjustments of vapor diffusion exchange through the air boundary layer [Shahraeeni et al., 2012] that yield a nearly constant steady state temperature for a wide range of surface water contents. The subsequent large reduction in evaporative flux at the end of stage 1 evaporation (transition to stage 2) [Monteith, 1981; Aminzadeh and Or, 2014] results in changes in energy partitioning. The excess energy not able to be used for evaporation as the surface dries, manifests itself as an increase in the sensible heat flux associated with an increase in the hypothetical steady state temperature (Figure 5a ). Note that the value of vapor concentration in air (C a ) is held constant during surface drying while the air relative humidity (rh) will vary with changes in T ss . These changes are consistent with the notion of drier and warmer air as the surface dries as postulated in the earlier concepts that underpin the complementary relationship [Bouchet, 1963; Brutsaert and Stricker, 1979] . (Figure 5b ) is the result of an increase of T ss that is inferred from the condition of zero sensible heat flux over the drying surface, whereas the increase of potential evaporation in Pettijohn and Salvucci [2009] with surface drying was attributed to negative sensible heat flux toward the pan.
To assess model predictions of the reference evaporation based on the steady state surface temperature concept (equation (15)) we plotted potential evaporation predictions by the PenPan, Penman, and P-T equations normalized by estimates of E R ðT ss Þ as a function of the incoming shortwave radiation in Figure 6 . Potential evaporation predictions by Penman and P-T equations are typically lower than E R ðT ss Þ by about 20% to 30%. That is anticipated because our reference surface assumes no sensible heat flux, while the saturated surfaces studied by Priestley and Taylor [1972, Figure 2 ] have a Bowen ratio of around 0.3 which accounts for the above-noted differences.
Natural evaporating surfaces at steady state temperature (with H50) are probably rare; however, measurements show that evaporation from class A pans often occurs with near-zero sensible heat flux, especially during summer [Lim et al., 2013] . Those observations would also explain the close agreement of E R ðT ss Þ with PenPan estimates (black dashed-line in Figure 6 ) under typical sunny conditions (e.g., R S > 400 W m 22 ). 
Water Resources Research
10.1002/2015WR017969
We sought further tests of the approach and have also compared E R ð T ss Þ with both pan evaporation measurements and Priestly-Taylor estimates of evaporation (Figure 7) . We calculated E P2T (equation (6)) and E R ðT ss Þ (equation (15)) and compared the results with the pan evaporation measurements conducted in Arizona and Colorado, USA [Western Regional Climate Center, 2014]. Model estimates of steady state reference evaporation show good agreement with pan evaporation data. The widely used E P2T (with a P2T 51:26) was only around 68% of the pan evaporation and consistent with typical values of the pan coefficient ($0.7-0.8).
The Origins of the Asymmetrical Parameter b and its Physically Based Prediction
The agreement between model predictions of potential evaporation and pan evaporation measurements motivated application of the model to describe the asymmetrical complementary relationship. We seek to develop a physically based estimation of the efficiency parameter ''b'' of Kahler and Brutsaert [2006] by using steady state reference evaporation (E R ðT ss Þ) to estimate potential and wet environment evaporation in equation (3) as:
The physically based prediction of b parameter based on T ss and E R ðT ss Þ is hereby denoted as b ss to differentiate it from the b parameter that is deduced from measured evaporation data [Kahler and Brutsaert, 2006] . The various terms can be readily plotted on a standard temperature-vapor concentration curve (Figure 8) . Accordingly, the parameter b ss can be expressed as:
where T s is the surface temperature, T ss is the steady state surface temperature and F represents vapor diffusion resistance parameter (equation (12c)).
The extent of the T ss on the horizontal axis of Figure 8 between saturation and dry conditions (h sat and h50) reflects the properties of the drying surface and places the system at different locations of temperature-vapor pressure relations thereby defining the value of b ss with atmospheric inputs. The variation of actual evaporation ( y 11F ) and potential evaporation (z) with respect to the (constant) wet environment evaporation (x) is captured by the constant b ss for the entire range of surface moisture content. The representation in equation (18) is similar to the interpretation of Granger [1989] expressed here in equation (8). The essential difference is that the approach proposed here allows estimation of the appropriate surface temperature that is essential for prediction of this important CR asymmetry parameter (b).
Assuming that the value of b is constant for the entire range of surface moisture content, we employ equation (5) that is the simplified form of equation (3) for dry condition where E a 50 (i.e., 
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predict the value of b parameter for various atmospheric inputs. The values of potential and wet environment evaporation are then calculated using model estimates of reference evaporation (E R in equation (15)) and based on the steady state reference temperature (T ss ) obtained from equation (14) for wet and dry conditions to quantify E w and E p , respectively, for given atmospheric data such that: Figure 9 depicts the range of variations of b ss values from equation (19) over a large range of differences in T ss between saturated (h sat ) and completely dry (h50) surface conditions. The range of differences in T ss (schematically marked by green shaded area in Figure 8 ) varies with atmospheric conditions (radiation, wind speed, air vapor concentration). The gray dashed lines in Figure 9 show how b ss and steady state surface temperature difference vary with input radiative flux for a constant wind speed across three values of air vapor concentrations. A crucial point that differentiates this study from Granger [1989] and others, is the direct prediction of the corresponding surface temperatures that, in turn, enables closure of the energy balance and latent heat fluxes and permits analytical prediction of the b parameter.
The parameter b ss based on equation (19) was evaluated using experimental data depicted in Figure 10 . The results make used of actual and pan evaporation measurements from Kansas, USA, expressed in normalized forms (E a1 5E a =E w and E p1 5E p =E w ) as functions of moisture index (E MI 5E a =E p ) [Kahler and Brutsaert, 2006] . The solid lines in Figure 10 depict the variations of E a1 and E p1 versus E MI (equations (4a) and (4b)) with b54:33 yielding the best fit to measured data in the study by Kahler and Brutsaert [2006] . For the meteorological inputs of stations 40 and 944 in Konza Prairie [Fritschen, 1994] , equation (19) was used to Figure 10 ). We emphasize that the parameter b ss was obtained directly from input meteorological data and not from curve fitting to experimental evaporation results.
Next, we employed equation (19) to systematically extend a physically based prediction of b parameter based on reference evaporation (equation (15)) calculated for a range of atmospheric conditions. The correlation based estimate of b ss driven by atmospheric inputs is denoted as b Ã ss . The expressions in equation (20) were obtained as a function of net shortwave radiation, wind speed and air vapor concentration across a range of conditions (see Appendix B):
where R S;net is the net shortwave radiation flux (ð12aÞR S (W m 22 )) and the parameter A is a function of wind speed (U a (m s 21 )):
The parameter B is also determined as function of wind speed (U a (m s 21 )) and vapor concentration (C a (kg m 23 )) as:
B5ð24:3U a 21:44ÞðC a 122310 23 Þ10:3 (20c)
We tested physically-based expression in equation (20) (20) and was not the result of curve fitting).
Estimation of Actual Evaporation (E a )
Physically-based prediction of the b parameter highlights applicability of the generalized complementary relationship proposed by Kahler and Brutsaert [2006] for estimation of actual evaporation. We evaluated the procedure of estimating actual evaporation through the generalized CR with our derivation of b parameter and reference evaporation by comparing measured (actual) evaporation [Kahler and Brutsaert, 2006] . The dashed curves depict the model predicted b ss parameter obtained for day-time (06:00 to 18:00 CST) with average meteorological inputs [Fritschen, 1994] (16) and experimental evaporation data measured at Simcoe in Ontario [Davies and Allen, 1973] , Konza Prairie [Sellers et al., 1992; Fritschen, 1994; Kanemasu, 1994] , Walnut Creek watershed (Iowa, USA) [Jackson, 2003; Jackson and Cosh, 2003; Prueger et al., 2009] , and Davis, USA [Katul and Parlange, 1992] . Based on the reported meteorological data, the parameter b was predicted from equation (20). In addition, the values of E w and E p in equation (16) were quantified as E R ðT ss Þ considering the values of T ss (equation (14)) at saturation (h5h sat ) and the reported surface water content for each data point, respectively. Hence, surfaceatmosphere coupling, central to the CR approach, is embedded in the calculation of E w and E p based on meteorological data for the corresponding surface wetness conditions. We provide a worked example in Appendix C to clarify the application of equation (16) for estimating actual evaporation.
The good agreement between experimental data and estimated actual evaporations in Figure 12 represents the usefulness of the complementary relationship for estimating actual evaporation from drying surfaces via prediction of the efficiency parameter (b), and potential and wet surface evaporation rates based on the present model.
Summary and Conclusions
We employed a pore-scale representation of evaporation from drying porous surfaces constrained by surface energy balance to define a reference evaporation for steady state conditions with zero sensible heat flux. A unique steady state surface temperature (T ss ) that links surface energy balance and evaporation from surfaces at any water content was used to quantify evaporation from a small saturated surface surrounded by drying land surface as the representative of potential evaporation (E R ðT ss Þ). The predicted reference evaporation E R ðT ss Þ was in agreement with class A pan evaporation measurements (and with PenPan model predictions) suggesting that the standard class A pan evaporates with minimal sensible heat flux (as also seen in observations of (16)) and measured values of actual evaporation using data from four different field experiments: day-light average experimental data of Davies and Allen [1973] obtained from measurements in Simcoe, Ontario; Konza Prairie (station 40) [Sellers et al., 1992; Fritschen, 1994; Kanemasu, 1994] ; SMACEX experiments in Walnut Creek (site: WC23) [Jackson, 2003; Jackson and Cosh, 2003; Prueger et al., 2009] , and lysimeter evaporation data of Katul and Parlange [1992] . A worked example of the actual evaporation calculation based on equation (16) is presented in Appendix C for the data point marked by the arrow.
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10.1002/2015WR017969 Lim et al. [2013] ). The model was not designed to predict pan evaporation, but instead it enables extension of the asymmetric complementary relationship with analytical prediction of the b parameter of Kahler and Brutsaert [2006] . The newly derived E R ðT ss Þ and b were used in the asymmetric complementary relationship framework to estimate actual evaporation from standard atmospheric measurements yielding good agreement with actual evaporation measurements. The formulation provides insights regarding the meaning of the parameter b, supports the broad interpretation of Granger [1989] (compare equation (8) with equations (17) and (18)), and links the CR asymmetry to the surface temperature increase as the surface dries and steady state input energy as modulated by the nonlinearity of temperature-vapor pressure relations [Lintner et al., 2015] .
The concepts presented here, offer a physical framework for quantifying the asymmetric complementary relationship and can be used for prediction of actual evaporation of drying surfaces. The key concept is the recognition that surface temperature (and hence net radiation) changes with variation of surface wetness (wetting or drying) affecting the wet environment evaporation (E w ) and potential evaporation (E p ) in the context of complementary relationship. Hence, the key innovation has been the use of a pore-scale model to explicitly calculate the surface temperature coupled with atmospheric conditions as a function of moisture content and use it to quantify E w and E p . Clearly, aspects such as spatial heterogeneity of terrestrial surfaces and meteorological variables, and specific role of vegetation cover must be further investigated to link this pore scale based approach with large scale phenomena of hydrologic and climate interest.
Appendix A: Temporal and Spatial Scales for Steady State Reference Temperature (T ss )
Based on the assumption of feedback process between drying land surface and overlying air flow in a closed land atmosphere system (section 3) [McNaughton, 1976; Perrier, 1980; Lhomme,1997] we invoke the following assumptions to resolve the temporal and spatial scales in which the hypothetical steady state condition takes place:
1. Considering the structure of convective boundary layer we focus on the air column below the surface layer (in the CBL that is coupled with the land surface underneath) where vertical fluxes of momentum and heat are almost constant and atmospheric profiles including temperature, wind and moisture profiles change with height significantly [Driedonks and Tennekes, 1984; McNaughton and Spriggs, 1986; Metzger et al., 2007] . Above the surface layer there is a well-mixed layer in which heat, momentum and moisture are thoroughly mixed due to turbulence [Kaimal et al., 1976; Stull, 1988] . Diurnal growth of the CBL in response to the large-scale vertical velocity or air entrainment from top of the CBL [Wallace and Hobbs, 2006] during feedback process between a drying surface and the adjacent air is neglected and for estimating the relevant time scales we assume a constant height for the CBL to facilitate mathematical modeling of the interaction between land and air column below the surface layer. Accordingly, assuming the constant height of f for surface layer (5-10% of the CBL height [Stull, 1988; Leclerc and Foken; 2014] ) the volume-averaged temperature (T av ) is introduced to represent the temperature of air column below the surface layer. Figure A1 . Variation of steady state temperature with surface water content obtained from solution of equation (14) 
in which q and c are density and specific heat, respectively. The simultaneous solution of equations (A2) and (A3) leads to the condition in which feedbacks between surface and air temperatures in terms of sensible heat flux and air warming feedbacks result in the thermal equilibrium condition. Temporal discretization of equations (A2) and (A3) is written as:
We then compare steady state temperature of the system including soil surface and air obtained from analytical solution of steady state surface energy balance equation in which zero sensible heat flux reflects the effect of feedback process (equation (14)) with numerical solution of equations (A4) and (A5). Figure A1 depicts the model prediction (equation (14)) of the variation of steady state temperature with surface water content. For the sake of comparison we have plotted evolution of surface and air temperatures for two different surface water contents as 0.2 and 0.02 m 3 m 23 as function of dimensionless time (t*) ( Figure A2 ) defined as:
The system reaches the steady state condition after t Ã $ 3 ( Figure A2 ) when both the analytical model (equation (14)) and numerical solution of unsteady energy balance equations (equations (A4) and (A5)) yield the same temperature. Figure A1 . The steady state temperature of the system including soil surface with thickness of Dz51 mm and air column with height of f550 m is same as steady state temperatures in Figure A1 (symbols).
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We invoke the time scale at which the completion of feedback process between overlying air flow and land surface results in a zero sensible heat flux to resolve the spatial scale of the proposed hypothetical steady state condition. Accordingly, the time scale in equation (A6) that was primarily obtained based on vertical transport and mixing processes [Moene and van Dam, 2014] between drying land surface and air is used to propose the spatial scale in which the completion of the feedback process takes place. Assuming that spatial heterogeneity of the land surface is negligible, the spatial scale of the expected steady state condition is obtained based on the horizontal distance an air parcel traverses [Wallace and Hobbs, 2006] during the feedback process until it reaches the steady state condition as:
where X is the surrogate for lateral spatial scale of land-atmosphere exchanges, U a is the average horizontal wind speed near the surface (e.g., 2 m) and t is the elapsed time since onset of feedback process between land surface and overlying air flow which is obtained from equation (A6). For the mentioned condition in Figures A1 and A2, temporal (t) and spatial (X) scales are quantified as 4.5 hr and 16.5 km, respectively.
Appendix B: Model Prediction of the b Parameter for a Range of Conditions
The prediction of the b parameter is based on estimates of the reference evaporation (equation (15) The parameter B (intercepts of fitted curves in Figure B1 ) varies for a constant vapor concentration in different plots obtained for different wind speeds. Figure B3 illustrates variation of B with vapor concentration for different wind speeds. Using the interception point of fitted curves in Figure  B3 the The vapor concentration is also quantified based on air temperature (T a ) and relative humidity (rh) using the Clausius-Clapeyron relationship (assuming air as an ideal gas) as:
in which M is the water molar mass, R is the universal gas constant, and k is the latent heat of vaporization.
Appendix C: Worked Example
We provided an example for calculation of actual evaporation using equation (16) for the marked data point in Figure 12 . To calculate actual evaporation based on the generalized complementary relationship we need to quantify E p , E w , and b. The values of E w and E p are obtained from equation (15) considering the value of T ss at saturation (h5h sat ) and surface water content of the drying land surface, respectively. Accordingly, equation (14) is employed to calculate T ss ðh sat Þ and T ss ðhÞ and then quantify E R ðT ss j hsat Þ and E R ðT ss j h Þ in equation (15) as E w and E p , respectively. The parameter b is then calculated using equation (20) obtained through the physically based model considering the meteorological conditions including net shortwave radiation flux, wind speed and vapor concentration in the near surface air mass. The associated inputs and calculations are presented in Tables C1 and C2 , respectively. Figure B3 . Variation of B (e.g., the intercepts of fitted curves in Figure B1 that is related to wind speed of 2 m s
21
) with vapor concentration for different wind speeds. 
